At the heart of the canonical Wnt signaling pathway is the b-catenin destruction complex, which functions in the absence of Wnt signaling to keep the cytosolic and nuclear levels of b-catenin very low by promoting the phosphorylation and ubiquitination of b-catenin. Structural studies, combined with other experimental approaches, have begun to provide important insights into the mechanism of the destruction complex. We suggest a working model for the destruction complex based on the existing structural and experimental data, and focus on the questions that this model and other studies have raised about the function of the complex in both the normal and Wnt-inhibited states.
Introduction
The b-catenin destruction complex sits at the heart of the canonical (b-catenin dependent) Wnt signaling pathway, playing a critical role in keeping the levels of b-catenin low in the absence of an exogenous Wnt signal. The proper functioning of this complex is essential for normal embryogenesis and stem cell growth, with alterations to the complex leading to tumorigenesis (reviewed by Logan and Nusse (2004) , Moon et al. (2004) , Reya and Clevers, (2005) ). The intracellular canonical Wnt pathway utilizes a very intriguing mechanism when compared to other signaling pathways. Instead of a typical cascade of phosphorylation events or the synthesis of an intracellular second messenger, cells constantly synthesize and degrade b-catenin except in those instances when a Wnt signal is present. Moreover, a large complex of proteins, the destruction complex, is required to continually process the newly synthesized b-catenin. Why such a mechanism evolved is not at all clear, but as the canonical Wnt pathway plays such an important role in a wide diversity of normal and disease processes, understanding how the destruction complex functions has attracted the attention of a wide range of researchers. In this review, we examine the function and regulation of the destruction complex from a structural perspective, demonstrating particularly how crystallographic studies have provided insight into the basic function of the complex. We present a working model for the mechanism of the complex, and raise a number of questions that we hope will stimulate future research in this exciting area.
The cast of characters
The exact composition of the destruction complex is not at all certain, and it is not unlikely that some components form a core complex whereas other components associate with the complex transiently when a Wnt signal is present. Below we introduce what appear to be the essential players in the core complex.
Axin
At the center of the destruction complex is the scaffolding protein Axin, which binds and brings into proximity the other core components. At least in frog embryos, Axin is the least abundant member of the complex and thus the number of destruction complexes present in a cell may depend on the Axin levels . While the structures of fragments of Axin have been determined as discussed below, nothing is known about the overall conformation of Axin when it is bound to its partners. This lack of knowledge becomes a major hindrance when considering whether regulators of the complex might cause conformational changes to the complex as part of their mechanism of action.
b-Catenin
Structurally b-catenin is a very interesting protein with a large central region composed of 12 repeats of three helices each (called the armadillo repeats), forming a superhelix of helices (Huber et al., 1997) . This structure forms a rigid scaffold for the binding of many factors, including the Tcf transcription factor, the cell adhesion protein cadherin, APC, Axin and others (Graham et al., 2000 (Graham et al., , 2002 Huber and Weis, 2001 ; Spink et al., 2001; Xing et al., 2003 Xing et al., , 2004 Ha et al., 2004; Liu et al., 2006) . Surprisingly, many of these factors bind the same two lysine residues in repeats 5 and 8, which we have called the 'charged buttons' since they serve a major role in attaching partners to b-catenin via electrostatic interactions (Graham et al., 2000) . The N-and C-terminal regions are much smaller, and appear to form mostly flexible regions that primarily interact with transcriptional activating factors.
The N-terminus of b-catenin is phosphorylated when b-catenin is bound to the destruction complex, and this N-terminus then serves as a docking site for a specific member of the SCF family of E3 ubiquitin ligases (reviewed by Kikuchi et al. (2006) ). Within this SCF ubiquitin ligase complex, a crystallographic study shows that the F-box protein b-TRCP1 recognizes the two amino terminal phosphorylated serines in b-catenin (Ser33 and Ser37 using the human b-catenin numbering, which will be used in this review), along with a neighboring invariant aspartate . The SCF complex binds a specific E2 ligase, which transfers multiple ubiquitins to b-catenin Lys19 and Lys49. The poly-ubiquitinated b-catenin is subsequently degraded by the proteasome.
Adenomatous Polyposis Coli
The Adenomatous Polyposis Coli (APC) protein is a very large protein that is mutated in over 80% of colon cancers. While all of the roles of APC are still unclear and sometimes controversial, it clearly plays a key role in the regulation of b-catenin turnover since cells containing a mutant APC have elevated b-catenin levels. APC contains three repeats with the sequence serine-alanine-methionine-proline (SAMP) that mediate the interaction between APC and Axin, three 15 amino acid (aa) repeats that bind b-catenin, and seven 20 aa repeats that also bind b-catenin. As discussed below, we have suggested that the reason APC contains two different types of b-catenin binding motifs is because they may function differently within the destruction complex.
Glycogen synthase kinase 3 Glycogen synthase kinase 3 (GSK3) is involved in a diverse array of cellular processes including the Wnt signaling pathway. GSK3 binds a central region within Axin, with a single Axin helix fitting into a hydrophobic groove in the C-terminus of GSK-3, leaving the GSK3 active site free to phosphorylate b-catenin (Dajani et al., 2003) . While full-length Axin promotes the phosphorylation of b-catenin by GSK-3 (Ikeda et al., 1998) , surprisingly, a 25 amino-acid fragment of Axin from the GSK-3-binding region is an effective GSK inhibitor, suggesting that conformational changes within Axin could inhibit GSK3 (Hedgepeth et al., 1999) . As discussed below, inhibition of GSK-3-mediated b-catenin phosphorylation is commonly believed to be the major mechanism that Wnt signals use to prevent b-catenin degradation.
Casein kinase 1
The casein kinase 1 (CK1) family of kinases exist in a plethora of forms, and at least three CK1s, CK1a, CK1e and CK1g have been implicated in the canonical Wnt pathway. While it is generally accepted that CK1a binds Axin and phosphorylates b-catenin at Ser45 in order to prime GSK3 phosphorylation at the more N-terminal residues (Amit et al., 2002; Liu et al., 2002; Yanagawa et al., 2002) , the role of CK1e within the destruction complex is controversial. One study has proposed that CK1e binds Axin indirectly via the protein Diversin (Schwarz-Romond et al., 2002) , although the absence of an Axin-binding site in the Drosophila relative of Diversin (called Diego) indicates that this is not a conserved function between invertebrates and vertebrates. Moreover, the exact role of the Diversin bound CK1e in the complex is unclear. In any event, some CK1, perhaps acting together with GSK3, phosphorylates the APC 20 aa repeats, changing their affinity for b-catenin (Tickenbrock et al., 2003; Xing et al., 2003 Xing et al., , 2004 Ha et al., 2004) .
Protein phosphatase 2A
Protein phosphatase 2A (PP2A) is a three subunit protein, comprising a scaffolding A subunit, a catalytic C subunit, and various regulatory B subunits that are responsible for substrate recruitment and cellular localization. The C subunit has been shown to bind Axin (Hsu et al., 1999; Ratcliffe et al., 2000) and APC was shown to bind two B subunits, B56a and B56d (Seeling et al., 1999) . The role of PP2A, however, remains unclear. Overexpression studies in cultured cells and Xenopus embryos have given conflicting results as to whether PP2A is a positive or negative regulator of the Wnt pathway (Seeling et al., 1999; Ratcliffe et al., 2000; Li et al., 2001) . A Drosophila mutant of a B subunit of PP2A has provided support for a positive role for PP2A in the Wnt signaling pathway (i.e. stabilizing b-catenin, Bajpai et al., 2004) . In agreement with this positive effect, inhibition of the C subunit of PP2A using RNAi in a Drosophila cultured cell line demonstrated that the absence of PP2A results in slightly decreased levels of Armadillo (the Drosophila b-catenin) in the absence of Wnt signaling (Matsubayashi et al., 2004) . However, inhibition of PP2A did not appear to have a significant effect on the Wnt induced inhibition of Armadillo, indicating that PP2A may not be essential in the destruction complex, at least in this Drosophila cell line. Much of the complexity in dealing with PP2A may be due to the fact that different PP2A forms may be used at different places, and used to dephosphorylate multiple targets, in the Wnt intracellular signaling pathway. Morpholino antisense oligonucleotide analysis in Xenopus embryos demonstrated that the B56e subunit is involved as a positive regulator of the Wnt pathway acting upstream of the destruction complex (Yang et al., 2003) , whereas the same type of approach demonstrated that two different forms produced from one B subunit gene, PR72 and PR130, acted as negative and positive regulators, respectively, of the Wnt pathway, acting upstream of the destruction complex (Creyghton et al., A working model for the destruction complex Based on our structural studies as well as the work from others, we proposed a model for the regulation of the destruction complex. While this model is consistent with the existing data, we emphasize that it is a working model intended to stimulate thought and experiments, and that it is not meant to be a definitive view of the mechanism. We also point out that other models exist, which have similarities and differences with our model, and that these also should equally be considered Ha et al., 2004) . We first present our model as shown in Figure 1 , and then discuss the studies that support the model.
Initially (Figure 1 , Step 1), the destruction complex does not contain b-catenin. As b-catenin is synthesized in the cytosol, it joins the destruction complex ( Figure 1, Step 2) by binding at a site on Axin between the welldefined GSK3-binding site and the less well-defined CK1-binding site. Although we have drawn the model with APC bound to Axin and then b-catenin joining the complex, it is also possible that APC binds b-catenin in the cytosol and recruits it to the complex. We suggest that APC binds b-catenin in a C-terminal region of the armadillo repeats using one of its three 15 aa repeats. 
Structural data underlying the working model
Step 1: Axin binds GSK-3 and CK1 A single a-helix in the middle of Axin binds a groove in GSK3 (Dajani et al., 2003) . In addition, one of the SAMP repeats in APC binds an N-terminal region of Axin that has significant structural homology to domains found in regulators of G-protein signaling (RGS domains, Spink et al., 2000) . The SAMP repeat is part of an a-helix that binds using the side chains from the Ala-Met-Pro residues of the SAMP repeat as well as more N-terminal side chains (Spink et al., 2000) . The exact binding site for CK1a on Axin is not known, but deletion analysis indicates that it binds C-terminal to the b-catenin-binding site Sobrado et al., 2005) .
Step 2: b-catenin joins the complex b-Catenin enters the complex by first binding Axin and/ or the 15 aa repeats of APC. A single Axin helix located C-terminal of the GSK3-binding site binds to a site located between the third and fourth armadillo repeats of b-catenin (Xing et al., 2003) . The APC 15 aa repeats bind over an extended surface of b-catenin covering armadillo repeats 5-9 (Spink et al., 2001 ). While we previously suggested that the 15 aa repeats bind b-catenin when it first enters the destruction complex, the N-terminal five residues of the third APC 20 aa repeat, together with the more N-terminal flanking residues, binds b-catenin in essentially the same manner as the 15 aa repeats (Ha et al., 2004; Xing et al., 2004) and with a similar affinity , indicating that this region of APC could fulfill the same role as the 15 aa repeats. Indeed, a fragment of APC missing the 15 aa repeats can promote the degradation of b-catenin, although apparently not as efficiently as a similar construct containing the 15 aa repeats (Yang et al., 2006) .
Steps 3 and 4: phosphorylation of b-catenin The binding of b-catenin to Axin positions the amino terminus in close proximity to CK1a and GSK3. The N-terminus of b-catenin is relatively flexible since it does not appear as an ordered structure in the crystal structure of full-length b-catenin (Y Xing and W Xu, unpublished results), and thus it encounters the active sites of CK1a and GSK3 as it moves, although we do not discount the possibility that Axin is also flexible and thus CK1a and GSK3 may also be mobile in space. While the b-catenin N-terminus might encounter GSK3 before it sees CK1a, GSK3 will not phosphorylate b-catenin until CK1a has phosphorylated Ser45, which then permits GSK3 to phosphorylate b-catenin residues Thr41, Ser37 and Ser33 (Amit et al., 2002; Liu et al., 2002; Yanagawa et al., 2002) . It should also be noted that in Drosophila S2 cells unlike the vertebrate system, Axin does not appear to be necessary for CK1a to phosphorylate b-catenin but it is necessary for the GSK3-mediated phosphorylation of b-catenin (Matsubayashi et al., 2004) . Potentially in this cell line the level of CK1a is high enough that Axin is not needed to bring b-catenin and CK1a into proximity.
Step 5: b-Catenin binds the phosphorylated APC 20 aa repeats instead of Axin When the 20 aa APC repeats are phosphorylated, their affinity for b-catenin increases dramatically (Ha et al., 2004; Xing et al., 2004) . In the case of repeat 3, which is by far the strongest binding of the 20 aa repeats, the affinity increases at least 140-fold upon phosphorylation . The phosphorylated 20 aa repeat region contacts b-catenin Armadillo repeats 3 and 4 (Ha et al., 2004; Xing et al., 2004) . Intriguingly, the binding site of the phosphorylated APC 20 aa repeat region on b-catenin overlaps the binding site of Axin on b-catenin, suggesting that Axin and phosphorylated APC may compete for b-catenin binding. In support of this the phosphorylated 20 aa repeat region effectively prevents Axin-binding b-catenin (Ha et al., 2004; Xing et al., 2004) . While we have proposed that the phosphorylated APC plays an important role in promoting the release of b-catenin from the complex (Xing et al., 2004) , Ha et al. (2004) have instead proposed that the phosphorylation of APC slows the release of b-catenin from the destruction complex.
Step 6: b-catenin is ubiquitinated Once b-catenin is phosphorylated, it is recognized by b-TRCP1, a component of the SCF ubiquitin ligase complex. The affinity of b-TRCP1 for b-catenin is quite low (B500 nM, Wu et al., 2003) , suggesting that the recognition might normally be an inefficient process.
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Intriguingly, the E2-ligase-binding protein Siah-1 binds the C-terminus of APC and promotes the ubiquitination of b-catenin in a GSK3-independent process (Liu et al., 2001a; Matsuzawa and Reed, 2001) . While this mechanism is not part of the standard b-catenin destruction complex cycle, it raises the possibility that perhaps there is an interaction between the b-TRCP1 ligase complex and another protein in the destruction complex that enhances the binding of b-TRCP1 to phosphorylated b-catenin by increasing the local concentration of b-TRCP1 in the complex. However, the Siah-1 data is based on overexpression and not loss of function studies, and therefore needs to be taken with some caution especially since putative null mutants of the Drosophila Siah-1 homolog do not show a Wingless phenotype (Carthew and Rubin, 1990) . As an alternative mechanism, a recent study comparing different colon cancer cells that contain truncated forms of APC indicated that a region of APC in the vicinity of 20 aa repeat 2 is necessary for the ubiquitination of b-catenin (Yang et al., 2006) . Curiously, repeat 2 binds b-catenin with extremely low affinity even in the phosphorylated form , raising the possibility that this region contains a binding site for another factor necessary for b-catenin ubiquitination.
Questions raised by the model
While the existing structural data has provided valuable information as to the working of the destruction complex, it has raised at least as many questions as it has answered. We raise some of these questions here in the hopes that it will stimulate investigators to think about ways to test them.
Are the events in the destruction complex contingent or stochastic?
We have presented the model as though an ordered set of events occurs from Step 1 to 6. But, we do not know whether any of the events trigger the subsequent step, or whether the events happen stochastically. For example, does the phosphorylation of the b-catenin N-terminus by CK1a and GSK3 trigger the release of b-catenin from the complex? Or does b-catenin just stay bound to the complex long enough to allow the phosphorylation events to happen?
Why does APC have seven 20 aa repeats?
A detailed study of the affinity of each of the 20 aa repeats for b-catenin, in both the unphosphorylated and phosphorylated forms shows that all of the repeats are not created equal. While all repeats show a dramatically increased binding to b-catenin when phosphorylated (repeat 2 could not be studied in the unphosphorylated form for technical reasons), repeat 3 binds b-catenin 60 times more strongly than any other repeat when comparing unphosphorylated forms, and 18 times stronger than any other repeat when comparing phosphorylated forms . At this point it is unclear which repeats are necessary for the function of the destruction complex, and which repeats are used in other functions. To resolve this question, it will be necessary to mutate APC in different repeat regions, and then measure the kinetics of b-catenin turnover using a cell-free extract system that is not complicated by the multiple roles of APC outside of the destruction complex (Salic et al., 2000; Lee et al., 2003) .
Does the phosphorylation of APC cycle? If so, how does this occur?
In our model, we suggested that the phosphorylation of the APC 20 aa repeats might cycle during the destruction complex cycle, but there is currently no evidence for or against this view. If APC phosphorylation does cycle, the 20 aa repeats could be phosphorylated by CK1 (and perhaps also GSK3) within the destruction complex. Indeed, phosphorylation of the 20 aa repeats by CK1 was shown to depend on the presence of Axin in cultured cells (Rubinfeld et al., 2001) . Dephosphorylation might occur through PP2A, which binds both Axin and APC, although as discussed above, the role of PP2A in the Wnt intracellular signaling pathway is still quite murky. Moreover, using Protein phosphatase 1 (PP1), which contains a catalytic subunit similar to that of PP2A, Ha et al. (2004) demonstrated that at least in vitro, PP1 can not readily dephosphorylate APC bound to b-catenin, suggesting that a phosphatase might not be able to dephosphorylate APC efficiently as long as it remains bound to b-catenin. If APC is not dephosphorylated in the complex, phosphorylated APC bound to b-catenin might leave the destruction complex together and only be separated at the proteasome. The free APC could then be readily dephosphorylated in the cytosol before returning to the destruction complex.
How does Dishevelled affect the destruction complex?
Although one of the earliest identified members of the Wnt intracellular pathway, Dishevelled has turned out to be a very difficult and complicated protein to understand since many proteins bind Dishevelled, and since it is involved in both the canonical and noncanonical Wnt pathways (reviewed by Wharton (2003) , Wallingford and Habas (2005) ). In the canonical Wnt pathway, Dishevelled acts as a positive effector, although its mechanism of action is still uncertain. A relatively recent study has shown that the PDZ domain of Dishevelled directly binds the C-terminus of the Wnt receptor Frizzled (Wong et al., 2003) but it is not yet clear why this is important. One suggestion is that the binding of Dishevelled to Frizzled recruits Dishevelled to the membrane where it activates the Wnt co-receptor Lipoprotein receptor-related protein 5/6 (LRP5/6) using the Dishevelled-binding protein CK1e (Dale, 2006) . Alternatively, or in addition, it has been suggested that the Wnt-dependent translocation of Dishevelled to the membrane is involved in recruiting Axin to the membrane since Dishevelled binds Axin through its DIX domain (Kishida et al., 1999; Li et al., 1999) and thus Dishevelled could tether Axin to Frizzled, which together with LRP5/6, inactivate the destruction b-Catenin destruction complex D Kimelman and W Xu complex (Cliffe et al., 2003; Schweizer and Varmus, 2003; Cong et al., 2004b) . However, Dishevelled lacking its PDZ domain can still activate the Wnt pathway in at least some overexpression experiments (note that not all experiments produce this conclusion, but this may be due to the fact that some authors delete only a minimal PDZ domain whereas other authors delete adjacent sequences that might be essential Axelrod et al., 1998; Rothbacher et al., 2000; Cong et al., 2004a) . Similarly, Wnt can strongly activate the intracellular Wnt pathway through a Frizzled receptor lacking the C-terminal Dshbinding region albeit only half as efficiently as the wildtype Frizzled receptor (Schweizer and Varmus, 2003) . In addition, a Dishevelled with a tag that sequesters it away from the cell membrane is more active than wild-type Dishevelled in activating the Wnt pathway in overexpression experiments, indicating that Dishevelled may not need to be at the membrane to affect the activity of the destruction complex (Park et al., 2005) . Finally, Dishevelled can inhibit the function of the destruction complex in a cell-free extract in which the membrane and associated proteins have been removed (Salic et al., 2000; Lee et al., 2003) . Thus, the recruitment of endogenous Dishevelled to the membrane by its PDZ domain in response to a Wnt signal may be important for clustering it together with its binding partners, but this function can be bypassed particularly when Dishevelled is overexpressed in cells or in extracts. How then might Dishevelled affect the destruction complex? Evidence that the DIX domain of Dishevelled binds the C-terminus of Axin and that the Dishevelled PDZ domain binds the Axin N-terminus raised the possibility that binding of Dishevelled to two separate sites on Axin might alter Axin's conformation, which could in turn affect the stability of the complex or its ability to function (Figure 2a) . However, as noted above, Dishevelled can activate the canonical Wnt pathway even when the PDZ domain has been deleted, suggesting that the binding of Dishevelled to both sites on Axin is not necessary. This does not, however, rule out the possibility that the binding of Dishevelled to the C-terminus of Axin causes a conformational change in the complex. Alternatively, Dishevelled might bind Axin and recruit other factors to the complex that could alter its activity (Figure 2a ).
How does LRP5/6 affect the destruction complex? LRP5/6 are Wnt co-receptors that are phosphorylated in a Wnt-induced manner on the intracellular domain by GSK3 and CK1g (reviewed by Nusse (2005) , Dale (2006) ). The phosphorylated LRP5/6 intracellular domain then recruits Axin to the membrane (Mao (Dsh) to the complex could induce a conformational change in the complex that alters its function. Alternatively, Dsh might recruit a factor (X) that inhibits the function of the complex. (b) Phosphorylated LRP binds Axin and it might induce a conformational change in the complex, potentially by bringing it close to the membrane. Alternatively, the complex may encounter an inhibitory factor (X) when it is close to the membrane. (c) GSK3 could be inhibited in the complex by post-translational modification such as phosphorylation. Alternatively, a conformational change in the complex could prevent GSK3 from being able to interact with the b-catenin N-terminus, thus inhibiting b-catenin phosphorylation by GSK3. Finally, GSK3 could be displaced from the complex. Tamai et al., 2004) . Why the recruitment of Axin to the membrane should alter the activity of the destruction complex is far from clear. Moreover, at least in certain overexpression assays, LRP5/6 can activate the canonical Wnt pathway independently of Frizzled and Dishevelled (Mao et al., 2001; Cong et al., 2004a, b) . While normal Wnt signaling requires Frizzled, LRP6 and Dishevelled (Mao et al., 2001; Schweizer and Varmus, 2003; Cong et al., 2004b) , the overexpression assays show that LRP5/6 can function without Frizzled or Dishevelled. So what is phosphorylated LRP5/6 doing? One possibility is that it causes a conformational change in the destruction complex that prevents the complex functioning efficiently, perhaps by forcing the complex to be near the membrane, or perhaps preventing Axin from undergoing conformational changes that it normally needs to make (Figure 2b ). Alternatively, it could recruit the complex to the membrane where it encounters a factor that inhibits the activity of the complex (Figure 2b ). One attractive membrane localized component is Dishevelled bound to Frizzled. While this may well be an important part of the normal Wnt signaling pathway, the fact that LRP5/6 can function in a Frizzled and Dishevelled independent manner shows that this is not the only mechanism by which LRP5/6 functions to inhibit the complex Schweizer and Varmus, 2003; Cong et al., 2004b) . Understanding how Wnt signaling affects the destruction complex will require understanding how Dishevelled and LRP5/6 are able to individually affect the function of the complex, and then how these molecules synergize to achieve maximal inhibition.
b-Catenin
How does Wnt signaling affect GSK3 in the complex? While the general consensus in the field is that Wnt signaling prevents the phosphorylation of the b-catenin N-terminus, how this occurs is still uncertain and in dispute. As two kinases, GSK3 and CK1a, are required to phosphorylate the b-catenin N-terminus, either one could be inhibited. Using phospho-specific antibodies, two groups have come to opposing conclusions. Liu et al. (2002) measuring the phosphorylation status of b-catenin over a time course from zero to 60 min after Wnt treatment in Rat2 cells saw no effect on the CK1a phosphorylated Ser45, but strong inhibition of the GSK3 phosphorylated residues Ser33/Ser37/Thr41, leading them to conclude that Wnt inhibits GSK3 but not CK1a phosphorylation. In contrast, Amit et al. (2002) examining b-catenin only at 5 h after Wnt treatment in four vertebrate cell lines, saw a modest inhibition of CK1a phosphorylation and a strong inhibition of the GSK3 phosphorylated site Ser33, leading them to conclude that CK1a is the primary kinase inhibited by Wnt signaling. A possible complication to the latter study is that prolonged Wnt stimulation reduces Axin levels (Willert et al., 1999) , and CK1a phosphorylation of b-catenin depends on Axin in vertebrate cells (Amit et al., 2002; Liu et al., 2002) . A subsequent study using both vertebrate and invertebrate cells demonstrated no effect of Wnt signaling on the CK1a phosphorylation of b-catenin (Matsubayashi et al., 2004) . Instead, these authors demonstrated a clear inhibition of GSK3 phosphorylated b-catenin in mouse L cells in response to Wnt, and mixed results in their insect cell lines. The reason for this discrepancy between different cell lines in this study is not clear, and points out the need for a clear determination as to whether or not Wnt signaling inhibits the ability of GSK3 to phosphorylate b-catenin in invertebrates. Thus, while inhibition of GSK3 phosphorylation of b-catenin appears to be a key regulatory step in vertebrate cells, the mechanism used in insect cells is thus far uncertain.
How is GSK3 inhibited? One possibility is that GSK3 activity is inhibited, perhaps by post-translational modification (Figure 2c, left) . Several signaling pathways, most notably the insulin pathway, inhibit GSK3 by phosphorylating serine 9 (Ser9) on GSK3 (reviewed by Cohen and Frame (2001) ). GSK3 activity measured in semi-purified preparations using a peptide substrate is inhibited by insulin signaling very rapidly, with a maximum effect occurring 10 min after stimulation (Cook et al., 1996; Ding et al., 2000) . Unlike insulin, however, Wnt signaling does not obviously affect the phosphorylation state of GSK3 (Ding et al., 2000) . Intriguingly, while most of the GSK3 in the cell is inhibited by Wnt signaling, the enzymatic activity of the small amount of GSK3 bound to Axin is not inhibited, suggesting that this pool of GSK3 might be in a special protected state (Ding et al., 2000) . In support of this, overexpression of an activated form of the insulin pathway kinase Akt suppressed GSK3 enzymatic activity but did not increase b-catenin levels . The special status of GSK3 bound to Axin is understandable since otherwise a signal such as insulin that inhibits GSK3 would always activate the Wnt pathway. Interestingly, however, b-catenin can be stabilized by GSK3 inhibition under special circumstances. Hepatocellular carcinoma (HCC) cells constitutively expressing the hepatitis B virus protein HBV-X show increased b-catenin accumulation due to inactivation of GSK3 through an Erk-dependent pathway that phosphorylates GSK3 on Ser9 (Ding et al., 2005) . Moreover, in two cell lines, the growth factor IGF-1 was shown to modestly increase b-catenin levels in an Erk dependent manner (Ding et al., 2005) . It is therefore possible that tumor cells undergo changes that allow the GSK3 in the destruction complex to be susceptible to phosphorylation at Ser9 and consequent inhibition, whereas in normal cells, Ser9 phosphorylation of GSK3 does not affect the GSK3 in the destruction complex.
A second possibility is that conformational changes in the complex move GSK3 away from the N-terminus of b-catenin such that it can no longer phosphorylate it (Figure 2c , middle). At this point there is no strong data for or against such a model since so little is known about whether the destruction complex undergoes significant conformational changes in response to Wnt signaling. A third possibility is that Wnt signaling causes the GSK3 to leave the destruction complex (Figure 2c, right) . One model is that Wnt signaling causes GSK3 to be released b-Catenin destruction complex D Kimelman and W Xu from Axin in a Dishevelled-dependent process, and perhaps bind instead to a GBP/Frat protein, which are potential positive effectors of the Wnt signaling pathway (Yost et al., 1998; Li et al., 1999; Itoh et al., 2000; Salic et al., 2000) . GBP/Frat and Axin bind the same site on GSK3, and their binding is mutually exclusive, indicating that GBP/Frat functions to block the binding of GSK3 to Axin (Farr et al., 2000; Ferkey and Kimelman, 2002; Dajani et al., 2003) . However, elimination of all three GBP/Frat proteins in mouse causes no overt abnormalities, indicating that this mechanism is not essential for Wnt signaling in mammals (van Amerongen et al., 2005) , in contrast to its maternal role in regulating the Wnt signaling pathway in early Xenopus embryos (Yost et al., 1998; van Amerongen and Berns, 2005) . A recent study has provided some evidence that Wnt signaling might both change the association of GSK3 with Axin and also the conformation of Axin . Mouse L929 cells contain both Axin and the related protein Axin2 (originally known as Conductin). Wnt treatment caused a rapid release of GSK3 from Axin2, whereas the GSK3 remained bound to Axin in the presence of Wnt signals but migrated slightly more rapidly. The altered mobility of GSK3 bound to Axin does not appear to be due to phosphorylation changes, and instead the authors present evidence that Wnt signaling might unfold the Axin-bound GSK3, perhaps rendering it sensitive to proteolysis that would change its molecular weight. Surprisingly, in mouse 3T3-L1 cells, Wnt caused GSK3 to be released from both Axin and Axin2 . This difference in cell lines from the same species is very surprising, and suggests that there may be different mechanisms used to regulate the interaction of each of the Axins with GSK3. In support of this, siRNA was used in the 3T3-L1 cells to inhibit two G-proteins, G ao and G aq . Inhibition of G ao affected the interaction of Axin2 and GSK3 but not the interaction of Axin and GSK3, whereas inhibition of G aq had the opposite effect . As G-proteins function downstream of Frizzled (Liu et al., 2001b; Katanaev et al., 2005) , this result indicates that two parallel pathways mediated by different G proteins differentially regulate Axin and Axin2. However, it is still not clear why GSK3 dissociates from Axin in response to Wnt signaling in 3T3-L1 cells, whereas it remains bound in L929 cells.
It is not clear what would cause GSK3 to dissociate from Axin and leave the destruction complex. GSK3 appears to bind quite tightly to Axin, with a K D of 10 nM . It is possible that conformational changes within the complex reduce the affinity of GSK3 for Axin, or that a post-translational modification of Axin or GSK3 similarly reduces the GSK3-Axin/Axin2 interaction. It is also not clear what the G-proteins are doing to affect the binding of GSK3 to the Axins, and how this relates to Dishevelled. These will be important issues to solve in the future.
A linear versus a network pathway?
In the simplest form of a signaling pathway, a signal binding to a receptor activates a series of sequential events resulting in the end state. To date, no one has yet proposed a clear linear pathway in which all of the upstream elements are incorporated, including Frizzled, LRP5/6, G-proteins and Dishevelled. Nor is it clear how, as discussed above, these proteins inhibit the function of the destruction complex. It is possible that these factors are not part of a linear pathway, but instead function synergistically as part of a network of interactions that ultimately feed into the destruction complex. Much of the complication in understanding the canonical Wnt pathway may be because overexpression of any one component can obviate the need for the other components to be active. For example, as discussed above, under certain conditions LRP5/6 can function in a Frizzled and Dishevelled-independent manner whereas normally all of these components function synergistically Schweizer and Varmus, 2003; Cong et al., 2004b) . Thus, while the overexpression studies are useful, understanding how the different components interact when expressed at lower levels is likely to be critical for unraveling the Wnt pathway.
Conclusions
Structural studies combined with biological and biochemical experiments have provided important insights into the function of destruction complex. Yet these studies have also raised a host of new questions that need to be addressed before a clear mechanistic model for the function of the destruction complex in both the presence and absence of a Wnt signal can be formulated.
